Objective: To examine the temporal relationship between early enteral nutrition (EN) and coagulase-negative staphylococcal (CoNS)-related lateonset bacteremia (LOB) in very low birth weight (VLBW) neonates.
Introduction
Nosocomial, late-onset bacteremia (LOB) contributes to substantial morbidity and mortality in very low birth weight (VLBW) neonates (birth weight <1,500 g), 1 ,2 in addition to significantly increasing the duration and costs of neonatal hospitalization. 3 Coagulasenegative staphylococci (CoNS) are responsible for 47-55% of LOB.
1,2,4 Therefore, seeking a better understanding of the risk factors for CoNS is likely to enhance our ability to reduce LOB-associated morbidity and mortality.
VLBW neonates are vulnerable to infections due to their immature immune defences and high dependency on invasive therapies. In addition to low gestational age and birth weight, increased need for central venous access and mechanical ventilation, the duration of parenteral nutrition (PN) has been shown to be a strong risk factor. [1] [2] [3] However, the benefits of earlier initiation of enteral nutrition (EN) and consequent earlier discontinuation of PN in reducing the incidence of infection, in VLBW, is controversial. 5 Microbial colonization of the infant at birth is a dynamic event.
CoNS is a ubiquitous micro-organism which readily colonizes the skin within a few days after birth. 6, 7 During this period, sick neonates also require invasive interventions including PN, thus exposing them to a substantial risk of sepsis. Among VLBW neonates, there is heterogeneity in tolerance to initiation and progression of EN over the earliest days of life. More 'immature' VLBW neonates generally receive PN for a longer period of time; therefore achievement of full EN before progressive mucosal colonisation with micro-organisms may not be achievable due to reduced gastrointestinal tolerance. In contrast, most 'mature' VLBW neonates reach complete EN earlier and are generally less exposed to invasive interventions. Consequently, a benefit from earlier initiation of EN may be observed in this population. Knowledge of how the risk for CoNS progresses over VLBW neonates' days of age, relative to their ability to tolerate initiation and advancement of EN would help determine who is more likely to benefit from earlier initiation of EN. Overall, the contribution of early nutritional interventions and discontinuation of PN, relative the risk of infection over the initial period of life is difficult to evaluate without considering the temporally dynamic nature of infections and given the complexity of risk factors involved. To determine the conditions in which VLBW neonates would most benefit from earlier initiation of EN the timing of CoNS bacteremia relative to the transition towards full EN was analysed in a large cohort of neonates.
Methods

Study population
Data were obtained from a cohort of all neonates admitted to the NICU of Children's & Women's Health Centre of British Columbia (Vancouver, Canada) between January 1st 2002 and December 31st 2006. This level III NICU is the main referral centre for the province of British Columbia admitting about 600 neonates per year. In this unit, feeds are initiated within 24-48 h (when milk formula is used) or as soon as breast-milk is available, if the neonate is judged stable. Feeds are initiated following a protocol at 1 ml four hourly, if birth weight is p1000 g or 2 ml four hourly, if birth weight >1000 g for 24 h followed by an increase in frequency to two hourly. The volume of each feed is advanced by 1 ml every 12-24 h, from day 3-5, according to the infant's tolerance and based on the clinical assessments (i.e. bilious gastric residuals, abdominal distension, overall cardiovascular stability, etc.). PN is discontinued when 'full' enteral nutrition is achieved, generally at 150 ml kg À1 per day. Early (under 24 h of age) minimal EN is encouraged if the infant is clinically stable.
Data collection and clinical definitions
Retrospective analysis of data prospectively collected by trained database coordinators. Variables included: gestational age, birth weight, gender, prolonged rupture of membranes, mode of delivery, Apgar scores, blood culture results, antibiotics administered, presence and type of indwelling catheter, number of days of PN, type of nutrition (parenteral or enteral) and type of milk used (formula, breast-milk or a combination of both), number of days of supplemental oxygen and the presence of a hemodynamically significant patent ductus arteriosus (PDA). Late-onset bacteremia was defined as at least one positive blood culture presenting after 72 h of age (including non-bacterial micro-organisms such as candida). An episode of bacteremia was defined by the initial positive blood culture or a subsequent positive blood culture obtained more than 72 h following a negative one. Persistent bacteremia was defined as two or more positive blood cultures for at least 72 h. Scores for Neonatal Acute Physiology (SNAP-2) were calculated in the first 24 h of life. 8 This study was approved by the University of British Columbia Clinical Research Ethics Board.
Statistical analysis
An exploratory univariate analysis was initially performed to identify variables that differed significantly between groups of neonates with and without CoNS bacteremia, as determined using 95% confidence limits. For non-normally distributed variables, significance of difference was tested using a Wilcoxon rank-sum test (P>0.05). All (or specified) variables that showed significant differences (in univariate comparisons) were then included as covariates in multivariate regressions. Excessive associations between pairs of co-variables, potentially masking their contributions to the model, were excluded in the co-linearity matrices. For regression models, a significance of P<0.05 was used for variable entry and 0.1 for exclusion. Analyses to detect risk factors for CoNS were based on all VLBW neonates (i.e. defined by birth weight), whereas subgroups of preterm neonates defined by gestational age only, irrespective of VLBW status, were used to specifically determine the influence of gestational maturation (as specified in the results sections). Statistical significance was considered at P<0.05. When appropriate, regression models including only neonates surviving beyond 28 days were performed and yielded similar results. Statistical analyses were performed using SPSS version 11.0 or GraphPad Prism 4.0 for Microsoft Windows.
Results
Overall population characteristics
A total of 3126 neonates were admitted to the neonatal intensive care unit during the five-year study period, including 912 VLBW neonates (29%). Similar to reports by others, the majority of LOB occurred in VLBW neonates: 69% of all neonates with LOB were of VLBW and conversely, 30% (n ¼ 274) of VLBW neonates had at least one episode of LOB during their NICU stay. There was an eight fold greater incidence of CoNS in VLBW neonates compared to non-VLBW neonates (P<0.001).
In VLBW neonates, most occurrences of LOB were due to CoNS (83%), candida (7.4%), staphylococcus aureus (5.3%), gramnegative bacteria (4.4%) or other micro-organisms, were treated with at least seven days of parenteral antibiotics (>97%) and also were associated with clinical signs of sepsis. In 38% of cases, CoNS bacteremia persisted for at least 72 h. The overall mortality before 28 days of age in VLBW neonates was 7.5% and four (0.4%) died within 48 h of a blood culture positive for either CoNS or other micro-organisms.
Timing of bacteremia in VLBW neonates
Episodes of bacteremia, in general, occurred in relatively well circumscribed periods referred to as 'critical periods' (Figure 1 ). A majority of negative blood cultures were sampled within the first 24 h of life. Early bacteremia occurred mostly in the first 24 h of life and were due to organisms other than CoNS (e.g. Escherichia coli, group B streptococcus, etc.). The late-onset, more predominant wave of bacteremia was largely due to CoNS and occurred specifically in the middle of the second post-natal week (median 11 days; inter-quartile range 8-16 days; peak age 9 days). Of note, the timing of this second, late-onset wave of bacteremia was comparable even when considering only episodes of CoNS bacteremia confirmed by at least two blood cultures (median 12 days).
Variables associated with CoNS bacteremia in VLBW neonates
In univariate analyses (Table 1) , neonates with CoNS bacteremia were of lower gestational age and birth weight, presented higher Scores for Neonatal Acute Physiology (SNAP-2) in the first 24 h of life, required supplemental oxygen for about 3-times as long, required indwelling catheters, received antibiotics in the first week of life and required treatment for a PDA significantly more often. These neonates were also breast-fed in higher proportion, started enteral feeds later and received PN for longer duration compared to neonates without CoNS bacteremia.
In multivariate regression analyses (Table 2) , only the duration of PN contributed significantly to the presence of CoNS (r 2 ¼ 0.34; P<0.001).
The risk of CoNS bacteremia significantly increased when the duration of PN was prolonged beyond the first postnatal week, even after adjusting for gestational age, gender, birth weight, presence of an indwelling catheter, days of mechanical ventilation, hemodynamically significant PDA and SNAP-2 scores (adjusted OR 16.6; 95%CI [7.4-37 .0]). The risk of CoNS bacteremia in VLBW neonates who survived for at least 28 days, relative to the duration of PN is shown in Figure 2 . This risk increased only marginally in the first week, but rose sharply thereafter in the second and third weeks, by about 1.8% for each day that the duration of PN was prolonged ( Figure 2 ).
Influence of gestational maturity on the relationship between early EN and CoNS bacteremia
In order to separate the influence of gestational maturity and severity of illness on the relationship between duration of PN and risk of LOB, analyses in this section included all preterm (i.e. p32 weeks of gestation) neonates based on gestational age only, irrespective of VLBW status. Indeed, intestinal tolerance to EN depends primarily on gestational maturity rather than birth weigh Timing of bacteremia in preterm infants PM Lavoie and accordingly, the duration of parenteral nutrition decreased with increasing gestational age ( Figure 3 ). Owing to the timing of CoNS, the incidence of bacteremia also closely paralleled the duration of PN as shown in Figure 3 . Based on the peak age of the critical period for CoNS (see Figure 1) , two subgroups of preterm neonates were identified. Most 'immature' preterm neonates (i.e. <28 weeks of gestation; n ¼ 393) generally achieved discontinuation of PN after the CoNS wave, whereas most 'mature' preterm neonates (i.e. X28-32 weeks of gestation; n ¼ 640) achieved discontinuation of PN before the CoNS wave (Figure 3) .
Among 'mature' preterm neonates, earlier initiation of EN correlated significantly with shorted duration of PN, with an average decrease in the duration of PN of 2.2 days per days of earlier initiation of EN ( Figure 4 ; r 2 ¼ 0.93; 95%CI [1.4-3.0]). In multivariate analyses, this relationship between initiation of EN and duration of PN remained significant, even after correcting for gestational age, birth weight and presence of an indwelling catheter (P<0.05). The number of episodes of CoNS bacteremia was also significantly less with earlier initiation of EN after correcting for gestational age, birth weight and the presence of an indwelling catheter, and was independent of illness severity as determined by correcting for SNAP-2 scores, presence of a PDA requiring treatment and number of days on oxygen (adjusted OR 0.15; 95%CI [0.10-0.20]; P<0.05).
In contrast in 'immature' preterm neonates, there was no correlation between earlier initiation of EN and duration of PN.
In those, the duration of PN was most significantly influenced by severity of illness as evidenced by significant associations with duration of oxygen therapy, SNAP scores or hemodynamically significant PDA (P<0.05). Accordingly, earlier initiation of EN was not associated with a reduction in the number of episodes of CoNS bacteremia or LOB in this age group in multivariate analyses. Figure 4 Influence of earlier initiation of EN on duration of parenteral nutrition (PN), comparing subgroups of preterm neonates <28 weeks (circles) or X28-<32 weeks of gestation (shaded box). Median duration of PN and inter-quartile ranges are represented with symbols and bars, respectively. Dotted line marks the peak age (in days) for the (late-onset) CoNS bacteremia wave. However, the relationship between the duration of PN (the only co-variable significantly contributing to the model) and the number of CoNS bacteremia episodes remained significant in this gestational age group (P<0.001).
Use of infant formula and risk of bacteremia
Whether the use of milk supplements in VLBW neonates was associated with earlier initiation of EN, and whether that would be sufficient to reduce the occurrence and number of episodes of CoNS bacteremia was also investigated. At Children's & Women's Health Centre of BC, EN using breast-milk is preferred, formula is used when breast-milk is insufficient, delayed or contraindicated. Fiftytwo percent of VLBW neonates were fed strictly human breast-milk, 6.0% by infant formula and 42% by a combination of both. Neonates feeding on infant formula alone or as a complement to breast-milk commenced EN generally 48 h earlier than neonates strictly fed breast-milk (P<0.001).
Again when data were analysed by gestational age only (i.e. irrespective of VLBW status), there was higher proportion of neonates strictly feeding using breast-milk in the most immature preterm group (71%) compared to the group of more mature preterm neonates (39%). However, there was no significant difference in the duration of PN between preterm neonates fed breast-milk, and either formula or a combination of formula and breast-milk at any of the gestational ages tested (i.e. 24-<32 weeks of gestation). The use of formula was not associated with a reduction in either the proportion of neonates with CoNS bacteremia or number of blood culture positive for CoNS in multivariate analyses.
Discussion
There is a lack of evidence to justify an optimal schedule for initiation and advancement of EN in preterm neonates. 5, [10] [11] [12] Precipitous advancement of EN might predispose to necrotizing enterocolitis (NEC). 13 Conversely, delays in the initiation of enteral nutrition increase the risk for sepsis and nutritional deficiencies. 5 Both NEC and sepsis have been associated with unfavourable longterm neurodevelopmental outcomes in VLBW neonates. It is therefore necessary to gain more insight into the risks and benefits associated with particular feeding practices.
14 Findings here demonstrate a previously unrecognized gestational maturitydependant 'threshold' on the relationship between earlier EN and the risk of LOB, likely explained by the EN tolerance of neonates relative to a sharply circumscribed critical period for CoNS bacteremia. The delineation of the temporal landmarks between initiation of EN, duration of PN and infection helps resolve previous conflicting observations and have important clinical implications for improved care of VLBW neonates.
First, a substantial reduction in the incidence of CoNS was observed in preterm neonates born X28-<32 weeks of gestation from earlier initiation of feeds, likely because most were able to achieve full EN prior to the critical period for CoNS bacteremia. This is in contrast with neonates <28 weeks of gestation for whom no benefits from earlier initiation of feeds were observed. Indeed, in this gestationally immature group of infants, generally exposed to a greater intensity of interventions, the severity of illness rather than whether EN was initiated earlier had more impact on the duration of PN and therefore on the incidence of infection. The ability of preterm neonates to tolerate early EN is limited by intestinal immaturity. 9 In most cases, neonates born <28 weeks could not achieve total EN before the critical period for CoNS sepsis; therefore starting feeds earlier did not appear to reduce the risk of LOB in this gestational age group.
A Cochrane meta-analysis failed to establish whether early EN effectively reduces the incidence of LOB in VLBW neonates. 15 A single-centre randomized trial by Davey et al. demonstrated significant reduction in the duration of PN, need for percutaneous central venous catheters and evaluation for sepsis if feeds were initiated before 4 days of age. 16 However infants in this study were generally relatively mature (average 28.5±3.0 s.d. weeks of gestation). In a large observational study, Flidel-Rimon et al. also reported significantly less nosocomial infection with earlier initiation of feeds. 17 Again, their cohort consisted of more mature infants (average gestational age was 29.7±2.9 weeks). 17 Study of a large Norwegian cohort composed mostly of ELBW neonates (range 24-27 weeks gestation) did not corroborate the relation between earlier initiation of EN and the incidence of sepsis, although interestingly in this study there was a nearly four-fold reduction in survival free from LOB in a subgroup of infants in which PN had been discontinued within the first week of life. 18 Results presented here suggest that the reduction in the incidence of LOB that would be achieved from earlier initiation of enteral nutrition would mostly be expected in the subgroup of most mature infants (born X28 weeks of gestation).
Secondly, findings here support the American Academy of Pediatrics recommendation for the primary use of human milk in preterm infants, 19 cautioning the use of formula milk supplements for the sole purpose of preventing sepsis through a reduction in delays to initiate EN. Furthermore, the lack of association between earlier EN and reduced incidence of LOB in infants <28 weeks of gestation must be considered in view of other putative short-and long-term benefits that may be anticipated from early initiation of EN (intestinal trophic effects, impact on growth and long-term outcomes, etc.). 5, 20 A recent meta-analysis, however, discerned no significant influence of early initiation of EN on weight gain, NEC, mortality or age at discharge. 15 Strengths of this study include its large sample size enabling adjustments for potential confounding variables. Conclusions here warrant further evaluation of feeding schedules in separate infant subgroups, through randomized clinical trials, before directing changes in clinical practice. Interventional studies on feeding practices are methodologically complex to conduct. 15, 21 In the mean time, well-powered observational studies, such as results presented here, can be extremely informative for focusing the design of such trials. Of note, the relative incidence of CoNS reported here is high compared to that previously reported, although the overall incidence of LOB is similar. 1 The inclusion of single positive blood culture episodes of CoNS sepsis may have resulted in the inclusion of a proportion of clinically insignificant episodes of bacteremia. However, owing to the frequent administration of antibiotics (>97%) and severity of clinical symptoms of CoNS infections previously reported in our neonatal centre, 22 I believe the vast majority of CoNS episodes are likely clinically relevant. Accordingly, the timing of the CoNS sepsis was similar when only considering episodes confirmed by at least two positive blood cultures. Finally, because we used standardized schedules for advancing feeds, it is impossible to evaluate the clinical benefits of faster rates of EN advancement as reported by others. 18, 21 In summary, results demonstrate a period of critical risk for LOB likely due to the relative importance and bacterial colonisation momentum occurring with CoNS soon after birth. Benefits from earlier initiation of EN observed in the subgroup of most mature VLBW neonates are likely to result from a threshold effect between the timing of CoNS and duration of PN. For both immature and mature neonates, clinicians must carefully consider restricting exposure to invasive interventions during this critical period. This is to avoid the baby being drawn into an infection wave, which may further delay the establishment of EN, thereby contributing to additional morbidity. Results suggest that efforts should be directed towards judiciously promoting the transition towards total EN in most mature VLBW neonates, in place of using formula complements to precipitate the initiation of feeds. These results provide useful endpoints for future clinical trials to evaluate the impact of specific changes in nutritional intervention on the clinical burden associated with infections in the NICU.
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